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ARTICLE INFO ABSTRACT 








Edited by: Professor Bing Yan Microplastic pollution represents a global problem with negative impacts on aquatic environment and organisms’ 


health. To date, most of the laboratory toxicological studies on microplastics (MPs) have made use of single 





Keywords: commercial micro and nano-polymers, which do not reflect the heterogeneity of environmental MPs. To improve 
ae aa the relevance of the hazard assessment, micrometer-sized plastic particles of miscellaneous non-reusable waste 
Zebrafis 


plastics, with size <100 um and <50 um (waste microplastics, wMPs), were characterized by microscopic and 
spectroscopic techniques and tested on developing zebrafish and Xenopus laevis by FET and FETAX assays 
respectively. Moreover, the modalities of wMP interaction with the embryonic structures, as well as the histo- 
logical lesions, were explored by light and electron microscopy. 

We have shown that wMPs had very heterogeneous shapes and sizes, were mainly composed of polyethylene 
and polypropylene and contained metal and organic impurities, as well as submicrometric particle fractions, 
features that resemble those of environmental occurring MPs. wMPs (0.1—-100 mg/L) caused low rate of mortality 
and altered phenotypes in embryos, but established species-specific biointeractions. In zebrafish, wMPs by 
adhering to chorion were able to delay hatching in a size and concentration dependent manner. In Xenopus 
embryos, which open stomodeum earlier than zebrafish, wMPs were accumulated in intestinal tract, where 
produced mechanical stress and stimulated mucus overproduction, attesting an irritation response. 

Although wMP biointeractions did not interfere with morphogenesis processes, further studies are needed to 
understand the underlying mechanisms and long-term impact of these, or even smaller, wMPs. 
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1. Introduction 


Microplastics (MPs) have become an emerging concern worldwide 
for both human and environmental health due to their enormous 
intentional or unintended release to the environment, particularly in 
marine and freshwater aquatic systems, where they are accumulated 
(Auta et al., 2017; Li et al., 2020). 

MPs (average particle size 1-5000 pm @, GESAMP, 2015) gather 
together a large variety of organic polymers and include both primary 
MPs produced for specific commercial purposes (e.g. microbeads in 
tooth paste or cosmetics, Cole et al., 2011; Fendall and Sewell, 2009) 
and secondary MPs derived by breakdown of any plastic good (Barnes 
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et al., 2009; Eriksen et al., 2014). It is estimated that primary MPs 
represent only a small part of the MPs present in the environment 
(Andrady, 2011; Rist and Hartmann, 2018). Most of them are instead 
represented by secondary MPs, whose spread rate is almost impossible to 
control due to indiscriminate disposal and inadequate waste manage- 
ment systems without proper recycling. Land based plastic sources end 
up into aquatic ecosystems and here, despite their recalcitrance, they are 
embrittled and fragmented by mechanical, chemical and biological 
processes, thus contributing to about 80% of plastic debris found in 
these environmental compartments (Andrady, 2017). 

Secondary MPs usually result to have irregular in size, shape and 
composition, physico-chemical (P-chem) features that in different ways 
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may pose a risk to organisms (de Sa et al., 2018; Jabeen et al., 2018; 
Mazurais et al., 2015). In addition to the hazards arising from MPs direct 
toxicity and bioaccumulation, particularly if their size reaches the 
nanoscale, the health concerns may also derive from their ability to 
adsorb and convey other hydrophobic chemical pollutants, such as 
persistent organic pollutants and endocrine disruptors (Lee et al., 2014; 
O’Donovan et al., 2018; Rainieri et al., 2018; Wang et al., 2018). At the 
same time, plastic additives, such as alkyl-phenols, bisphenol and 
phthalates, can be leached out from MPs, adding further harmful 
chemicals to those absorbed from the environment (Barnes et al., 2009; 
Browne et al., 2013). 

Several studies conducted under controlled laboratory conditions 
have recently reported that commercial polystyrene MPs possess the 
capability to accumulate into various aquatic organisms (Lu et al., 2016; 
Pitt et al., 2018). Field studies have evidenced that starting from the 
primary consumers, mainly represented by the zooplankton (Cole et al., 
2013; Setala et al., 2014), all the organisms composing the aquatic food 
web, from invertebrates to seabirds and fish (Alomar and Deudero, 
2017; Cau et al., 2019; Giani et al., 2019; Sfriso et al., 2020) seem to be 
involved in the bioaccumulation process, including edible and com- 
mercial species (Bouwmeester et al., 2015; Browne et al., 2008; EFSA, 
2016; Koongolla et al., 2020; Markic et al., 2019; Neves et al., 2015; 
Savoca et al., 2020). 

In aquatic vertebrates, MPs accumulate especially within the diges- 
tive system, which is also the main primary target (Markic et al., 2019). 
Laboratory studies on larval and adult fish evidenced that, at the in- 
testinal level, MPs can cause damages at the gut epithelium compro- 
mising the feeding activity and bringing to negative effects on growth 
parameters and survival (Jabeen et al., 2018; Lei et al., 2018; Naidoo 
and Glassom, 2019; Pannetier et al., 2020; Peda et al., 2016). In addi- 
tion, some studies on marine and freshwater fish species reported MP 
translocation from the gut to the circulatory system and consequent 
histological and metabolic injuries to other organs such as liver (Espi- 
nosa et al., 2019; Jabeen et al., 2018; Lu et al., 2016). 

In the extensive literature regarding the impact of MPs on aquatic 
organisms, it is noteworthy the knowledge gap on their potential 
adverse effects on development, when embryos mainly undergo passive 
exposure to MPs during the delicate phase of morphogenesis and organ 
functional differentiation. 

However, most of the studies on invertebrates and vertebrates, 
including embryonic stages, have investigated the uptake and distribu- 
tion of commercial micro- and nanopolymers, mainly spherical and 
monodisperse polystyrene (PS) (De Felice et al., 2018; Duan et al., 2020; 
Messinetti et al., 2018; Pitt et al., 2018). Alternatively, other studies 
assessed the impact of leaching by comparing virgin versus 
beach-stranded pellets or artificially contaminated commercial MPs 
(Batel et al., 2018; Nobre et al., 2015). Despite having appropriate di- 
mensions, the commercial MPs are overly simplified and do not reflect 
the modality of interaction with organisms of the heterogeneous envi- 
ronmental MPs (Phuong et al., 2016). Environmental secondary MPs, 
intended as mixtures of fragments of different shapes, composition and 
aggregation capacity are therefore worthy of additional research efforts. 

To improve the knowledge on the possible effects of environmental 
MPs during the development of sensible target organisms, like fish and 
amphibians, in the present study we used the zebrafish (Danio rerio) and 
the African frog (Xenopus laevis) as ecologically-relevant experimental 
models. Recently, these animal models have been extensively used to 
study the biointeractions and toxicity of micro- and nano-particles (NPs) 
(Bonfanti et al., 2019, 2015; Colombo et al., 2017; Fiandra et al., 2020; 
Haque and Ward, 2018; Mantecca et al., 2015), confirming their capa- 
bility to efficiently predict the hazard of environmental and biomedical 
particles. Moreover, the specific developmental strategies of fish and 
amphibians offer the opportunity to study how the interactions of MPs 
with different embryonic structures may affect the development. 

In order to improve the relevance of the toxicological hazard 
assessment of the MP environmental pollution, micrometer-sized plastic 
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particles were produced by fragmentation of miscellaneous plastics 
derived from the collection of miscellaneous plastic wastes in municipal 
ecological platforms. After mechanical sieving of the particles, the two 
smallest fractions with size ranges 100-50 um and less than 50 um were 
retrieved. These samples have been considered representative of the 
environmentally occurring and measurable MPs, with a micron-scaled 
dimension conferring them the ability to effectively interact and be 
taken up by aquatic organisms. After a detailed P-chem characterization 
of the wMPs by microscopy (light, SEM, TEM) and spectroscopy (ATR- 
FTIR, Raman, TXRF) techniques, the toxic responses have been inves- 
tigated by the Fish Embryo acute Toxicity (FET) test using zebrafish, and 
the Frog Embryo Teratogenesis Assay-Xenopus (FETAX); the modalities 
of the MP interaction with the biological structures, as well as the his- 
tological lesions, have been investigated by microscopy techniques. 


2. Materials and methods 
2.1. Production of waste plastic granules and microparticles 


Plastic granulates were obtained from industrial partners in the 
framework of the project ECOPAVE (POR FESR 2014-2020, Reg. Lom- 
bardia), in which a pilot value chain has been established to collect and 
reuse plastic wastes. After being collected, the plastic waste of various 
origins was treated to obtain fractions of plastic granules of decreasing 
size (Text S2, Supporting Information) on which the ATR-FTIR analysis 
was carried out. 

The finest wMP fractions, with at least one of the dimensions of 50 
um <wMPs <100 um and wMPs <50 um (named F1 and F2 respec- 
tively), have been used for further chemical-physical and toxicological 
analyses. 


2.2. Waste microplastic characterization 


2.2.1. ATR-FTIR spectroscopy 

Attenuated total reflection-Fourier-transform infrared (ATR-FTIR) 
spectroscopy analysis was performed using a Nicolet In5 FTIR instru- 
ment (Thermo Fisher Scientific) with 128 scans at 2 cm” of resolution in 
the range of 4000-550 cm”. Four sampling replicates were collected 
from each of the six different size fractions (Fig. S1 C). Applied contact 
force was increased until a constant ratio between the C-H stretching 
bands at 2900 cm’! and the CH3 rocking bands at 720 cm” was ensured. 
Spectral acquisition, analysis and library research were performed by 
using the OMNIC Spectra software. Identity confirmation was estab- 
lished with 95% match obtained with the patented comparison algo- 
rithm provided by the software. 


2.2.2. Raman spectroscopy 

Raman spectroscopic analysis of the F1 and F2 wMP particles was 
performed using an alpha300 confocal Raman microscope (WITec, Ulm, 
Germany) applying a 532 nm laser. Particles were deposited using a 
stainless-steel spatula on a polished, clean silicon wafer placed on the 
motorized stage of the Raman microscope. For both fractions, spectra of 
50 particles were collected using a 10x objective typically at 1 s inte- 
gration times by averaging 10 accumulations. Materials were identified 
after baseline subtraction of the raw spectra, using the ACDLabs UVVis 
manager software and an in-house built polymer database. For the 
identification of materials not present in our database (polyethylene- 
octene copolymer) an open spectral database, OpenSpecy (www.open 
specy.org) (Cowger et al., 2021) was utilized. Spectra without specific 
Raman features (only wide fluorescent signal) were considered to be 
not-identified. 


2.2.3. Total reflection X-ray fluorescence (TXRF) 

TXRF measurements were performed after sample digestion as pre- 
viously described (Bobba et al., 2021) with some modification. Briefly 
wMP F1 and F2 samples (0.3 g) were placed in dried glass microwave 
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digestion tubes and dispersed in 800 uL of aqua regia plus 100 uL of 30% 
H202 solution, added drop by drop. Three replicates for each wMP 
fraction were prepared. Samples were digested by an automatized CEM 
Explorer SPD microwave digestion system and treated at 220 °C for 10 
min (after 10 min ramping to the final temperature). The digestion step 
was repeated twice by adding again the same amount of reagents in the 
same glass tube. Three blank samples were processed with the same 
digestion protocol operated with only aqua regia and H202. Samples and 
blanks were then purified using an Amicon Ultra-4 centrifugal filter, 
100 kDa (Millipore), and diluted 1:1 in water. Mixture for TXRF analysis 
were prepared in triplicate by adding 10 uL of each sample to 77 uL of 
HNO; at 14%W/v, 3 uL Ga internal standard (3.3 mg/L final concen- 
tration), and 10 uL Triton X-100 at 1.0% w/v. 5 uL of the final mixture 
were spotted on acrylic sample holder, dried and placed in the TXRF 
spectrometer (S4 T-Star 4 TXRF spectrometer, Bruker) equipped with a 
Mo X-ray source. Measurement data were collected for 1200 s. 


2.2.4. Particle size and particle size distribution 

The size and particle size distribution of F1 and F2 were determined 
by the laser diffraction method (Malvern Mastersizer 3000). The mea- 
surements were performed either in ethanol and 0.1% w/v Triton X-100 
and kept under continuous stirring (850 rpm) during the analysis. Each 
measurement was performed in five replicates. 

The model for data analysis assumes that the particle are not- 
spherical, while refractive index and absorption value were set to 1.5 
and 0.010, respectively, on the base of the chemical composition of the 
material. Laser obscuration was kept between 10% and 20%. Data were 
reported as size distribution, calculated from the volume size 
distribution. 


2.2.5. Microscopy characterization 

Light, Fluorescence, Scanning and Transmission Electron Microscopy 
(LM, FM, SEM and TEM-EDX) were used to characterize morphology, 
optical properties and elemental composition of F1 and F2. For LM 
analysis, small amounts of F1 and F2 granulates were mounted onto 
glass slides and observed under a Zeiss Axioplan microscope equipped 
with an Axiocam MRc5 digital camera. For FM, the slides were observed 
with an inverted Zeiss Observer.Z1 microscope, equipped with a Zeiss 
AxioCam MRm digital camera, selecting UV, eGFP and DsRed filters. For 
SEM analysis, F1 and F2 samples were attached with adhesive carbon 
tape onto stubs and sputter-coated with 10 nm gold. SEM-SE imaging 
was performed using a TESCAN Vega®XM 5136 SEM operating at 20 kV 
acceleration voltage. For TEM analysis, F1 and F2 fractions were directly 
embedded in epoxy resin and ultrafine slices were cut using Leica EM 
-UC7 ultramicrotome (Leica, Milan, Italy). Slices were analyzed by EDX 
in STEM mode using JEOL-JEM 2100 at 120 kV (JEOL, Italy) coupled 
with Bruker X-flash detector 5030 (Bruker Italy). The QUANTAX 200 
software, in Hypermap mode, assessed elemental composition. 


2.3. Embryotoxicity test 


2.3.1. Preparation of the wMP treatment suspensions 

To obtain the suspensions for the embryos’ treatment, F1 and F2 
were suspended in FET (in mg/L NaHCO3 100, Instant ocean salt 100, 
CaSO, 190 for zebrafish) or FETAX (in mg/L NaCl 625, NaHCO} 96, KCl 
30, CaClz 15, CaSO4-2 H20 60, and MgSO, 70 for X. laevis) solution (pH 
7.5-8.5) to achieve the maximum working concentration of 100 mg 
wMPs/L. These suspensions were vortexed to obtain a uniform distri- 
bution of particles and then sequentially diluted to generate the addi- 
tional treatment concentrations (0.1, 1 and 10 mg/L). To date, MP 
amounts measured in the aquatic environment are extremely variable, 
therefore we have chosen a range comprising an environmental relevant 
concentration (0.1 mg/L) with reference to the contaminated areas 
(Naidoo and Glassom, 2019) up to concentrations likely representing 
hotspot pollution events (10 and 100 mg/L). 

According to the guidelines of the FET (OECD TG 236, 2013) and 
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FETAX (ASTM, 1998), embryos of zebrafish and Xenopus control groups 
were incubated in standard FET and FETAX solution respectively and all 
the solutions/suspensions were changed daily. 


2.3.2. Fish embryo acute toxicity (FET) 

Wild-type (AB strain) zebrafish were maintained as described in S3. 

The acute toxicity of wMPs was determined as recommended by the 
OECD (OECD, 2013), with minor modifications. Within 3 h 
post-fertilization (hpf), groups of 20 embryos at same development 
stage, obtained by natural spawning of adult wild type AB zebrafish 
pairs (n = 6), were randomly subdivided in four Petri dishes (Ø 6.0 cm) 
containing 10 mL of FET solution (control group) or treatment suspen- 
sion (F1 and F2 wMPs at 0.1-1-10-100 mg/L). Embryos were exposed in 
a thermostatic chamber at 26 + 0.5 °C, under static conditions. Lethal 
(coagulation, lack of somite formation, lack of detachment of the tail 
from the yolk sac, lack of the heartbeat) indicating acute toxicity and 
sublethal (e,g. oedemas, hatching rate and tail malformations) end- 
points, were monitored at 24, 48, 72 and 96 hpf. 

At the end of the exposure period, randomly selected embryos from 
each experimental group were anesthetized in 0.16 mg/mL MS-222 and 
10 embryos were processed for histological analysis while the remaining 
were fixed with 10% neutral buffered formalin for head-tail length 
measurement with the digitizing software AxioVision (Zeiss, Germany). 





2.3.3. Frog embryo teratogenesis assay Xenopus - FETAX 

Xenopus embryos were obtained by natural breeding of pairs (n = 3) 
of adult X. laevis injected with HCG into the dorsal lymph sac (females: 
300 IU; males: 150 IU) as previously described (Bonfanti et al., 2015). 
Embryotoxicity tests were conducted according to the standard guide for 
the FETAX (ASTM, 1998) performing three replicate definitive tests in 
the same experimental conditions, each conducted using embryos from a 
different male/female pair of X. laevis. Groups of 25 embryos at the 
midblastula stage (Stage 8), 5 hpf (Nieuwkoop and Faber, 1956) were 
randomly placed in Petri dishes (Ø 6.0 cm) containing 10 mL of FETAX 
solution (control group) or treatment suspension. Two replicate dishes 
were used for each test concentration (F1 and F2 0.1-1-10-100 mg/L) 
while for control group four replicate dishes were used. 

All Petri dishes were incubated in a thermostatic chamber at 23 + 
0.5 °C and daily dead embryos were counted and removed. FETAX 
endpoints (i.e. mortality, malformations and growth inhibition) were 
considered at the end of the assay (stage 46, 96 hpf). At the end of the 
analysis, embryos (n = 75 randomly selected from each experimental 
group) were fixed in 10% neutral buffered formalin to evaluate the 
growth retardation by measuring head-tail lengths with the digitizing 
software AxioVision (Zeiss, Germany). The remaining embryos were 
processed for the subsequent morphological analyses. 





2.4, Fluorescence stereomicroscopy analysis of zebrafish and Xenopus 
embryos 


The optical property of some wMPs emitting fluorescence has been 
exploited to localize the wMPs particles in order to evaluate their bio- 
interactions with embryonic tissues. To this aim, groups (n = 10) of 
living zebrafish embryos at 24 hpf and formalin fixed Xenopus embryos 
at 96 hpf were randomly sampled from control and 100 mg/L F1 and F2 
experimental groups and observed under a dissection microscope (Leica, 
M205FA equipped with LAS X Expert software) in brightfield and fluo- 
rescence mode with GFP long pass and DsRed filter settings. 


2.5. Histological analyses 


At the end of FET and FETAX (96 hpf), embryos (n = 10) were 
randomly selected from control and 100 mg/L F1 and F2 experimental 
groups, fixed in Bouin’s solution and processed for paraffin embedding. 
Samples were transversely cut from eye to proctodeum into 6 um thick 
serial sections, mounted on glass slides and stained with haematoxylin 
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and eosin (H&E) or Periodic acid—Schiff (PAS). The slides were screened 
under a Zeiss Axioplan optical microscope equipped with an Axiocam 
MRc5 digital camera. 


2.6. Scanning electron microscopy of Xenopus embryos’ intestines 


For SEM analysis, 96 hpf embryos randomly selected at the end of the 
FETAX from the control, F1 and F2 wMPs 100 mg/L groups (n = 6 each) 
were euthanized with MS-222 (300 mg/L). The intestinal tubes were 
dissected, immediately fixed overnight (ON) with 2% glutaraldehyde in 
Na-cacodylate (CAC) buffer (0.1 M), washed with CAC buffer (0.1 M) 
and post-fixed with 1% osmium tetroxide in CAC buffer (0.1 M) for 90 
min at room temperature (RT). After dehydration with a graded ethanol 
series up to 100%, specimens were infiltrated with hexamethyldisila- 
zane and left to dry ON at RT. After drying, the samples were placed ona 
conductive tape mounted on aluminum stubs and coated with 10 nm 
chromium using high vacuum Quorum Q150T-ES sputtering system. 
SEM-SE micrographs were acquired by means Zeiss Gemini 500 FEG- 
SEM operating with an acceleration voltage of 5 kV. 


2.7. Data collection and statistical analysis 


The number of dead embryos versus their total number at the 
beginning of the tests led to the mortality percentages and the number of 
malformed embryos versus the total number of surviving ones gave the 
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malformed embryo percentages. Data were expressed as the average + 
standard error (SE) or standard deviation (SD) and the percentage 
relative standard deviation (RSD %). Data were tested for homogeneity 
and normality and one-way analysis of variance (ANOVA) was per- 
formed. The daily and cumulative hatching percentages were investi- 
gated by chi-square method, using Yates’s correction for continuity (x? 
test) or Fisher’s exact tests. The elaboration of cumulative hatching data 
of zebrafish embryos by probit analysis (Finney, 1971) allowed 
obtaining the median Hatching Time (HTs50) value, which is the hatching 
time for 50% of the embryos. All statistical test were applied with at least 
95% confidence interval using the IBM SPSS statistic 25 software. 


3. Results 
3.1. Microplastic characterization 


The preliminary chemical characterization of the plastic granulates 
obtained from the collected plastic waste showed that poly-olefins were 
the main components (data not shown). After the dimension-based 
fractionation of the wMP granulate by manual sieving, additional 
chemical characterizations were performed to identify the type of 
polyolefin prevalent and any change in chemical structure induced by 
the grinding process in the different granule subpopulations. Repre- 
sentative ATR-FTIR spectra of these different sized fractions are pre- 
sented in Fig. 1 A. The list of the main peaks detected is reported in 
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Fig. 1. Polymer characterization of wMPs. Panel A: superimposed ATR-FTIR spectra of polyethylene (left) and polypropylene (right) granulates obtained from each 
of the six dimensional fractions of wMPs. Panel B: Raman spectroscopy analysis of wMPs. On the right: examples of raw Raman spectra of the analyzed particles 
before baseline subtraction, many of them showing wide fluorescence peaks in addition to the Raman lines. From top to bottom: a) polyethylene, b) polyethylene- 
octene copolymer, c) polyethylene with phthalocyanine blue additive, d) polypropylene in fraction F1, e) metal oxide (rutile) containing particle in fraction F2. On 
the left: summary of the chemical composition of the wMP particles in fractions F1 and F2. 
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Table S1. 

Considering a >85% match, library research enabled the identifi- 
cation of two main polymers: polyethylene (PE) and polypropylene (PP) 
in a 8:1 ratio. No other polymers were identified. Considering the same 
identified polymer in the different size fractions the spectra resulted 
similar, indicating that no remarkable transformation were induced in 
the chemical structure of the bulk material during the sorting and 
grinding process. However, some aliquots displayed peaks not detected 
in the reference virgin pellets, indicating that the original plastic ma- 
terials were probably containing different ingredients that were retained 
during the processing and/or faced a different degradation pathway. 
Specifically, seven samples display signals at 1719 cm‘! that may orig- 
inate from oxidation processes of the aliphatic chain. 

The finest fractions obtained in appreciable quantities from the 
sieving of initial granulate were F1 and F2 (Fig. S1 C), which comprise 
plastic particles with at least one nominal dimension between 100 and 
50 um and less than 50 um respectively. These fractions were selected to 
study the impact on zebrafish and Xenopus embryonic development and 
their biointeraction potential. To support toxicological data, F1 and F2 
wMPs were further characterized in terms of chemical compositions by 
Raman spectroscopy, TXRF and EDX, and of shape and dimension by 
laser diffraction and LM, FM, SEM and TEM analysis. 

Characterization of F1 and F2 wMPs by Raman spectroscopy con- 
firms the results obtained by FTIR on "bulk" aliquots, suggesting that 
most of the plastic particles are made of polyolefins (Fig. 1 B). Many of 
them also show fluorescence at the excitation wavelength applied, 
underlining that the waste plastic material contains several other in- 
gredients beside the synthetic polymers. In the two fractions, about 
74-82% of the particles were PE, 6% was PE copolymer, 2-4% were PP. 
Some of them contained also inorganic materials, like TiO2. This is also 
confirmed by the TEM-EDX analysis, which shows the presence of 
different elements in nano-form such as Ti, Pb, Fe, Si, Al (Fig. 3 B). In 
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other cases, complex spectra revealed that many wMPs contained col- 
orants like phthalocyanine blue (Simon and Rohrs, 2018). However, 
about 10-12% of the particles remained unidentified, in most cases 
because of the strong fluorescent signal of colorants/additives hiding the 
Raman features of polymers. 

F1 and F2 fractions were also analysed by Total reflection X-ray 
fluorescence spectrometry (TXRF) to evaluate the presence of trace el- 
ements (Table S2). Overall, the F2 fraction shows higher concentration 
of extracted metals in comparison to F1. A more detailed analysis carried 
out by TEM-EDX shows the presence of Ti, Pb, Fe and Si in nanoform in 
the F1 fraction (Fig. 3 B, F1) whereas in the F2 fraction they were 
distributed more homogeneously inside the plastic particles (Fig. 3 B, 
F2). 

The size and the volume size distribution of the two fractions were 
measured by the Mastersizer using ethanol and 0.1% Triton X-100 as 
dispersants (Table S3). The obtained values, which resulted higher than 
the nominal dimensions, might be affected by the presence of aggregates 
or agglomerates, as confirmed also by the variation of the volume size 
distribution observed in the different dispersant. 

LM analysis confirmed the different size of the F1 and F2 wMP 
fractions and that particles are characterized by highly variable di- 
mensions (even if within the limits imposed by the sieve), thickness, 
shapes and colours (Fig. 2 A). In addition to the round granules, also 
fibres and flakes with rough and sharp edges were observed. Moreover, 
since it is well known that plastic materials show significant auto- 
fluorescence when excited by near-UV or even visible radiation, F1 and 
F2 wMPs were observed with an inverted fluorescence microscope after 
selecting UV, GFP and DsRed filters (Fig. 2 B). Fluorescence images 
showed that the particles behaved differently in terms of fluorescence 
wavelength and intensity of emission. Considering that the fluorescence 
emission at a specific wavelength is intrinsic to the bulk polymer and can 
depend also on additives, pigments, impurities or degradation products 


wMP fractions 


















































Fig. 2. Morphlological characterization of wMPs. Representative light (A) and fluorescence microscope images (B) that highlight heterogeneity in terms of shapes, 
colors, sizes and optical properties of the particles contained in F1 and F2 fractions. LM=light microscope, BF=bright field. Filter setting for fluorescence microscope: 


UV= 358 nm, and GFP= 488 nm, DsRed= 563 nm. Scale bar = 50 um. 
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used in the production process (Hawkins and Yager, 2003; Qiu et al., 
2015), this result confirms the presence of different polymers and 
various associated molecules in the selected fractions. 

SEM analysis, performed to better characterize the wMP F1 and F2 
morphology, confirmed that many particles have an irregular and rough 
surface and that submicrometric particles are aggregated to the surface 
of the larger ones (Fig. 3). TEM coupled with EDX confirmed the pres- 
ence of nanoparticles inside F1 fraction slices and representative anal- 
ysis showed Ti, Pb, Fe, Si alone or combined in nanoform of min Feret 
diameter around 100-200 nm (Fig. 3 B, F1). In the F2 fraction, elements 
such as Al, Pb, Fe and Si were more homogenously distributed in the 
fraction, including also plastics particles of 1 um size or less (Fig. 3 B, 
F2). 


3.2. Effects of the wMPs on zebrafish and Xenopus embryos 


A comparative evaluation of embryotoxicity of the F1 and F2 wMP 
fractions was conducted on zebrafish and Xenopus laevis during the first 
96 h of development, a sensitive period that include important processes 
leading to organ formation. 

FET results have evidenced that the exposure to both wMP fractions 
did not induce a significant increase in mortality and malformation rates 
in zebrafish embryos at 96 hpf (Fig. 4 A). The head-tail length of the 
embryos was also not substantially affected (Fig. S2). In contrast, a dose- 
dependent pattern was evidenced in the ability of zebrafish embryos 
exposed to both F1 and F2 wMPs to hatch successfully (Fig. 4 B). In 
particular, the evaluation of the daily hatching showed that the per- 
centage of embryos exposed to F1 hatched mainly at 72 hpf with a dose- 
dependent decrease compared to unexposed ones. Instead, zebrafish 
embryos exposed to 0.1-10 mg/L F2 hatched at the same extent at 72 
and 96 hpf, but those exposed to 100 mg/L hatched mainly at 96 hpf. 
The cumulative hatching rate highlighted the trend of embryos to delay 
the release from the chorion in a concentration-dependent manner, 
more marked for the finest fraction F2. However, at 96 hpf almost 100% 
of treated embryos were able to hatch similarly to controls. HTs9 values 
calculated at the different wMP concentrations confirmed that the time 
taken for hatching of 50% embryos was significantly delayed starting 
from 10 mg/L for F1 (HTs59 =68.99 hpf) and from 1 mg/L for F2 (HT50 
=74.30 hpf) respect to the control (HTs9 =65.89 hpf) (Table S4). 

We exploited the fluorescence of some plastic particles to highlight 
their adhesion to the chorion of 24 hpf zebrafish embryos as this inter- 
action could be one of the causes influencing hatching (Fig. 4 B). 

In control embryos, chorion surface appeared smooth and trans- 
parent unlike treated embryos, where some wMP aggregates attached to 
the chorion surface were observed as fluorescent spots. This result was 
more pronounced in F2 treated embryos. No fluorescent wMPs were 
detected in the periovular fluid and not even in the yolk sac or in other 
embryo tissues. 

As with zebrafish, wMPs did not elicit mortality in Xenopus embryos 
since mortality rates for both fractions were not significantly different 
from control (Fig. 5 A). Malformation rates statistically different from 
controls (but never exceeding 10%) occurred sporadically, in particular 
to embryos exposed to F1 and F2 at 10 and 0.1 mg/L respectively, 
without any correlation with wMP concentration (Fig. 5 A). 

However, the score of single malformations showed that the slight 
increase in malformation rates in treated embryos was mainly attrib- 
utable to the loosening of the intestinal loops (Fig. 5 C). Observing 
embryos’ abdominal region under dissecting microscope, the presence 
of debris in the loops of these slightly altered intestines was detected 
(Fig. 5 C). Taking advantage of the fluorescence emission properties of 
F1 and F2 fractions previously highlighted, the debris were identified to 
be mainly plastic particles (Fig. 5 C). It is likely that the presence of these 
wMP agglomerates in the gut lumen has interfered to a small extent with 
the tight coiling of the intestinal tube that characterizes Xenopus gut 
development. Furthermore, wMPs were only observed in the digestive 
tracts of F1 and F2 treated embryos while no particle was observed on 
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the epidermis or within other organs. 

As far as it concerns the head-tail length of Xenopus embryos, a sta- 
tistically significant increase respect to control was observed at all 
concentrations for the F1 and at 1 and 10 mg/L for F2 fractions (Fig. 5 
B). Interestingly, a slight biphasic behaviour of the concentration- 
response curves of both fractions was observed, with the tendency of 
head-tail length to be greater at low or intermediate concentrations and 
lower at the high concentrations. 


3.3. Bio-interactions of the wMPs with zebrafish and Xenopus embryonic 
tissues 


In order to highlight the interactions of the wMPs with embryonic 
tissues and evaluate any damage induced to primitive organs, H&E 
transversal sections of control and 100 mg/L F1 and F2 exposed zebra- 
fish and Xenopus embryos at 96 hpf were examined. 

No histological and organ morphology alterations were detected in 
zebrafish embryos exposed to wMPs and no wMP fragments have been 
visualized inside the lumen or at the level of the yolk even in finest 
fraction (F2) treated embryos (Fig. S3). Furthermore, no altered 
phenotype of intestinal epithelium nor delay in intestinal development 
has been recorded in wMP treated embryos (Fig. 6, line D). Additional 
histological evidences regarding the distinct intestinal segments are 
reported in Fig. S3B. 

In Xenopus embryos, although exposure to neither fractions of wMPs 
did result in morphological alterations of the primitive organs in the 
abdominal cavity (Fig. 6, line A) as in zebrafish, single heterogeneous 
fragments or agglomerates of wMPs were detected inside the lumen of 
several intestinal loops (Fig. 6, line B). In particular, the wMP particles 
seemed to adhere and press on the intestinal epithelium of these tracts, 
without causing apparent morphological damage to the epithelium. 

Since mucus secreted by goblet cells provides a physical protection of 
intestinal epithelium and its hyper-production represents a physiolog- 
ical response to an undesirable irritant, a PAS staining was also per- 
formed. In the lumen of the intestinal loops of the control embryos, the 
reaction revealed a PAS positivity at the brush border level, consistent 
with the glycocalix of microvilli membrane and the thin protective 
mucus layer stratified on the enterocytes (Fig. 6, line C). Instead, in the 
embryos exposed to both fractions of the wMPs, the reaction revealed a 
large amount of mucus into the lumen of some intestinal loops that wrap 
wMP particles (Fig. 6, line C). No presence of infiltrating inflammatory 
tissue was anyway observed at the level of the developing gut mucosa. 
At the level of the gill basket no wMP particle has been observed 
(Fig. $4). 

SEM observation of isolated intestinal tube of Xenopus embryos 
exposed to 100 mg/L F1 and F2 has confirmed the accumulation of 
heterogeneous shaped and sized wMP particles in the digestive tract, 
which were so abundant to stuff the lumen (Fig. 7). The particles were 
found to be enclosed in a mucus coating and besides to pressing the 
microvilli of the enterocytes, some fibre-shaped and pointed fragments 
were wedged in the epithelium. 


4. Discussion 


MPs are recognized to pose a serious threat to various aquatic or- 
ganisms, from detritus feeders to filter feeders and predators that, 
accidentally or intentionally, ingest them due to the similarities of these 
particles, so heterogeneous in size, shapes and colours, with their nat- 
ural food sources (Botterell et al., 2019; Lusher, 2015). 

The right concern that these plastic particles can accumulate in the 
digestive tract and starve wildlife triggered a rapid increasing number of 
studies especially focusing on the hazard deriving from the oral expo- 
sure route (Carbery et al., 2018). 

Although these investigations still require attention to elucidate the 
modality of interaction of MPs with gut and the resulting mechanical 
and metabolic damage as well as the transfer of smaller particles to other 
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Fig. 3. Electron Microscopy analysis of wMPs. Panel 
A: SEM representative images at low and high 
magnification of F1 and F2 particles. It is possible to 
observe heterogeneous shapes and dimensions and the 
irregular surface of wMPs with the presence of sub- 
micrometric particles deposited on them (arrows). 
The high magnification of F2 corresponds to the white 
dotted area in low magnification image. Panel B: TEM 
images of F1 and F2 fractions ultrafine slices and 
corresponding EDX analysis in STEM mode (square 
selection and elemental maps). F1 fraction shows the 
presence of nanoparticles inside material of min Feret 
diameter around 100-200 nm (arrows) and the F2 
fraction shows particles of min Feret diameter of 1 um 
or less. The elemental composition of both fractions 
confirm the presence of Ti, Pb, Fe and Si in nano-form 
(F1 fraction) or distributed in the material (Al, Pb, Fe 
and Si in F2 fraction). 
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Fig. 4. Embryotoxicity of wMPs evaluated by FET. Panel A: mortality and malformation rates in 96 hpf embryos after exposure to F1 and F2 fractions (0.1-100 mg/ 
L). On the right, representative stereomicroscopy images of a control embryo and a F2 exposed embryo at the end of assay (96 hpf). Panel B: daily and cumulative 
percentage of hatched control and wMPs exposed zebrafish embryos during FET. On the right, fluorescence stereomicroscopy representative images of control and F2 
exposed zebrafish embryos at 24 hpf obtained by merging the red and green channels with bright field photographs. In wMP treated embryos, chorion surface is less 
smooth and transparent than in control and fluorescent wMP spots are observable. All values in the graphs are given as mean + SE of three independent assays. 
* p < 0.05, * * p < 0.01 indicate statistical difference from control (Chi-squared test). Scale bars = 500 um. 


organs, it is important to advance knowledge on MP impact on embry- 
onic life stage, before exogenous feeding, when the delicate phase of 
organogenesis is taking place. Moreover, on those aspects, almost none 
studies evaluated the impact of environmental secondary MPs deriving 
from wastes. 

Thus, considering that of all the plastic produced less than 10% is 
recycled and the rest, if not destined for waste-to-energy, ends up into 
the environment (Alimi et al., 2018; Geyer et al., 2017), in this study we 
involved the finest MPs (100-50 um and < 50 um) retrievable by the 
mechanical fragmentation and sieving of non-reusable miscellaneous 
plastic waste. After a detailed P-chem characterization of the wMPs, we 
reported their effects on early development of two model organisms, 
D. rerio and X. laevis, widely exploited for (eco)toxicological studies on 
freshwater vertebrates under laboratory conditions. 

The wMPs appear to share similarities with environmental MPs as 
referred to their chemical nature and morphology, without substantial 
differences between the two dimensional fractions considered. First of 
all, as suggested by Eitzen et al. (2019), the environmental relevance of 
the plastic materials tested should be one of the requirements for toxi- 
cological studies. According to FTIR and Raman analyses, our wMPs are 
mainly composed of PE and PP, a mixture of polymers highly repre- 
sentative of environmental MPs (Law, 2017). 

The prevalence of these polymers was evidenced also in fragmented 
plastic samples collected on the beaches of known plastic accumulation 





areas such as the North Atlantic (El Hadri et al., 2020) and North and 
South Pacific Ocean gyres (Pannetier et al., 2020). In addition, accord- 
ing to the origin of the starting plastic materials, some of the analysed 
wMP specimens showed a certain level of degradation such as oxidation, 
an aging process typical of environmental MP samples caused by at- 
mospheric agents (Chen et al., 2019; Song et al., 2017). In this regard, 
testing in the laboratory a mixture of MPs composed of the most abun- 
dant polymers in the environment rather than a single commercial 
polymer, represents an innovative aspect of this study, which adds to the 
other environmentally relevant properties highlighted by the morpho- 
logical characterization. Indeed, the heterogeneous shapes, the irregular 
surface texture and the highly variable particle size of our wMPs, are 
morphometric characteristics comparable to those of MPs sampled in 
the environment or extracted from the intestine of oceanic fish (Pan- 
netier et al., 2020; Wang et al., 2017). Similar polymorphic MPs have 
also been reported by studies focusing on the standardization of pro- 
cedures for the preparation of realistic MP suspensions, which are 
strongly recommended to improve the representativeness of aquatic MP 
laboratory research (Eitzen et al., 2019; El Hadri et al., 2020; Gigault 
et al., 2016). Another noteworthy result related to the surface of our 
wMPs is the presence of smaller particles with sub-micrometric di- 
mensions attached to larger fragments, which leads us to hypothesize 
that this aggregation is due to wMP electrostatic and hydrophobic in- 
teractions, property that can be exploited to separate MPs from 
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Fig. 5. Embryotoxicity of wMPs evaluated by 
FETAX. Mortality and malformation rates (A) 
and head-tail length (B) in 96 hpf embryos after 
exposure to F1 and F2 fractions (0.1-100 mg/ 
L). All values are given as mean + SE of three 
independent assays. (*) statistically different 
from control (p < 0.05, ANOVA + Fisher LSD 
Method). Panel C shows representative stereo- 
microscopic images of control and 100 mg/L F1 
exposed embryos at the end of FETAX (stage 
46-96 hpf), showing debris in the intestinal 
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loops (arrows) of the latter. In the magnifica- 
tion of intestine of the 100 mg/L F1 exposed 
embryo observed at fluorescence stereo- 
microscopy (merge of the green and red fluo- 
rescence channels with the bright field 
photographs), it was ascertained that the most 
of the debris is represented by fragments of 
wMPs that emit fluorescence when excited in 
the GFP (green) or DsRed (red) channels. Scale 
bars = 500 um. 
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environmental samples (Felsing et al., 2018). This wide heterogeneity is 
highly representative of an environmental exposure, where MPs un- 
dergo to progressive size reduction, resulting in defragmentation into 
nanoplastics with diameter < 1 um. These nanoscale plastic particles 
could be a significantly hazardous component even if hardly detectable 
in the environment (El Hadri et al., 2020; Ter Halle et al., 2017). In our 
case, the TEM-EDX analysis of F1 showed the presence of Ti, Pb, Fe, Si 
alone or combined in nanoform of min Feret diameter around 
100-200 nm (Fig. 3 B, F1). In F2, elements such as Al, Pb, Fe and Si were 
mainly distributed inside the plastic particles. These particles a few pm 
in size or in the nanoscale could be even more harmful for organisms due 
to the greater ease of translocation through biological barriers and dis- 
tribution with the circulatory system to the different tissues as demon- 
strated in mussels and zebrafish exposed to PS nanospheres (Browne 
et al., 2008; Lu et al., 2016; Pitt et al., 2018). Taking into consideration 
that our different polymeric wMPs also contain additives, impurities or 
degradation products used in the production process of the initial plastic 
materials, we verified that they show fluorescence emission at different 
wavelengths. This rarely used visualization strategy can be useful for 
detecting and isolating MPs from environmental samples (Fu et al., 
2020; Savoca et al., 2020) but has also been proven well suitable for 
tracking wMPs in whole zebrafish and Xenopus embryos. 





F1-Intestine 





Based on FET and FETAX results, neither lethality nor phenotypic 
alterations were observed in neither zebrafish nor Xenopus embryos even 
at the highest F1 and F2 concentration tested. These results are in line 
with those obtained in zebrafish and Xenopus embryos exposed to 
commercial nano e microplastics that despite being distributed from the 
yolk sac to different organs or ingested did not affect survival and 
development (Batel et al., 2018; De Felice et al., 2018; Pitt et al., 2018). 
However, zebrafish embryo treatment with high PS nanoplastic con- 
centrations via injection or waterborne exposure resulted in growth 
inhibition, increased frequency of malformations, hypoactivity and 
changes in neural and ocular genes expression (Zhang et al., 2020). 
Moreover, an anomalous embryonic development in two species of sea 
urchin and a slowdown of ascidian juveniles’ metamorphosis were 
observed after external exposure to virgin PE pellets or after ingestion of 
PS beads (Messinetti et al., 2018; Nobre et al., 2015). 

As regards the length of Xenopus embryos, recognized as one of the 
most sensitive indicator of developmental toxicity (ASTM, 1998), wMPs 
have led to a faint biphasic response related to the concentrations. This 
glimpses a possible hormetic effect that has been previously observed in 
developing amphibian exposed to other environmental stressors such as 
pesticides or metal oxide nanoparticles (Bolis et al., 2020). In particular, 
the stimulation of growth could be explained as an adaptive stress 
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Fig. 6. Histological transversal sections of 96 hpf Xenopus laevis and zebrafish embryos at 96 hpf. Low magnification representative images H&E stained of whole 
X. laevis embryosshowing that the localization and morphology of primitive organs in the abdominal cavity such as liver (L), pancreas (P), oesophagus-stomach 
transition (S) and intestine are not altered in wMP treated embryos compared to control. B) Magnification of an intestinal loop of a Xenopus embryo showing 
that several wMP particles (*) are visible into the lumen, mainly attached to the surface of the lining epithelium, where they appeared to result in mechanical 
damage. C) PAS stained sections evidencing that mucus (arrows) is abundant and wrap wMPs in the F1 and F2 treated embryos. D) Magnifications of representative 
images of zebrafish embryos middle segment of intestine. No wMPs are detectable in intestinal lumen and intestinal epithelium is not altered in wMP treated embryos 
compared to control. (A-C) Scale bars = 100 um. (D) Scale bars = 50 um. 
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Fig. 7. SEM analysis of intestinal tube iso- 
lated from control and Fl and F2 wMP 
exposed Xenopus embryos. Representative 
images of intestinal epithelium from a control 
Xenopus embryo intestine (A, B) where the 
columnar morphology of enterocytes and the 
characteristic brush border facing to the 
lumen can be appreciated. In the represen- 
tative images of the intestine isolate from 
embryos exposed to F1 (C, E, G, I) and F2 (D, 
F, H, L), the wMP fragments are crammed 
into the intestinal lumen and contact the 
microvilli, causing mechanical damage and 
hypersecretion of mucus that envelops them 
(white and black asterisks). In G the detail of 
a fibrous wMPs is visible that deepens in the 
epithelium. The dotted lines in E and L mark 
the wMP particles. 
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response to low, non-toxic concentrations of the environmental stressor. 

Although not affecting the development of embryonic primary or- 
gans, morphological and histological analysis evidenced that wMPs 
interact with embryos’ structures in species-specific manner due to the 
different morpho-functional peculiarities that characterize fish and 
amphibian development. 

In particular, wMP treated zebrafish embryos displayed a temporary 
delayed hatching more marked in F2 fraction. By taking advantage of 
autofluorescence properties of some wMPs, we observed F2 much more 
than F1 particle aggregates attached to the chorion surface of 24 hpf 
zebrafish embryos. This analysis underestimates the amount of particles 
adhering to the chorion, as it does not highlight the non-fluorescent 
ones. Taking this into account, more particles may have adhered to 
the chorion, interfering with the mechanical tearing of the outermost 
thin layer caused by the tail movements of the embryo. Alternatively, 
the hatching delay could be attributed to a chemical action of the plastic 
additives, such as flame retardants as suggested by Lema et al. (2007) or 
of the metals present in both fractions. Reduced or delayed hatching has 
been reported after exposure to several metal oxide nanoparticles and 
attributed to the interaction of the nanoparticles with the zebrafish 
hatching enzymes (Ong et al., 2014). Batel et al. (2018) also observed 
that the 1-5 um MPs accumulated more on the outer surface of the 
zebrafish chorion than 10-20 um PE particles, but unfortunately did not 
report hatching data. Duan et al. (2020) found that PS particles have a 
high affinity for zebrafish chorions, causing a covering layer of PS par- 
ticles on their outer surface. Since delayed hatching, more pronounced 
with nano PS, was observed, they hypothesized that PS could modify the 
mechanical properties of the chorions or affect the patency of their 
pores, leading to a hypoxic microenvironment in the embryos. It remains 
to establish if the wMPs effect on hatching is related to inhibition of 
hatching enzymes, change in mechanical properties of chorions or to 
environmental hypoxia and consequent impairment of embryo sponta- 
neous movements. 

No wMP fluorescent signals were instead observed in the periovular 
fluid. As expected, due to the pore size (500-700 nm), the chorion was 
found to be an effective barrier to all particles present in the two tested 
fractions, including those with sub-micrometric size. Similar results 
were reported in zebrafish embryos exposed to fluorescent PS particles 
ranging from 25 to 700 nm, which were excluded from the passage 
through chorion pores due to the surface charges or tendency to ag- 
gregation (van Pomeren et al., 2017). The barrier function of zebrafish 
chorions was also confirmed for nano PS in the diameter of 100 nm 
(Duan et al., 2020). Conversely, fluorescent PS and latex particles of 
about 50 nm used at low concentrations have proven to be able to 
penetrate zebrafish and medaka chorion respectively, initially accu- 
mulating in the yolk sac and later in other organs (Manabe et al., 2011; 
Pitt et al., 2018). These data suggest that the chorion represents a barrier 
capable of protecting the embryo in the crucial early stages of devel- 
opment from the impact with micrometric-sized MPs, while it does not 
exclude the passage of nanometric ones if present at low concentrations 
and not in aggregated form. Probably, the submicrometric particles 
present in our wMPs remained aggregated to the larger ones on the 
surface of the chorion or alternatively we were unable to map them with 
light microscopy inside the embryo. 

Even in the post-hatching exposure interval up to 96 hpf, wMPs did 
not interact with the zebrafish embryonic tissues such as gills, epidermis 
or intestine via ingestion as confirmed both by microscopy observation. 
Similar results were obtained in zebrafish embryos treated with virgin 
and benzo [a] pyrene loaded MPs that after hatching remained mainly 
attached to the fish chorion, while not at all were found on the larval 
surface and only occasionally appeared within the gastrointestinal tract 
at 96 hpf (Batel et al., 2018). The absence of MP ingestion is consistent 
with the morpho-functional characteristics of the zebrafish embryo in 
the exposure window set by the FET protocol, in which the autonomous 
feeding is not yet active being the intestine not completely differentiated 
with the anus still closed and the yolk still available (Ng et al., 2005). 
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Consequently, uptake of the wMPs via the oral route cannot take place. 
Instead, by prolonging the exposure to 120 hpf, when the intestinal tract 
is a completely open-ended tube, the oral uptake of plastic particles 
becomes predominant as described by van Pomeren and colleagues 
(2017). 

On the other hand, considering the amphibian Xenopus, the wMPs 
did not interfere with the hatching of embryo from the fertilization 
envelope that acts as a protective barrier up to stage 28 (32 hpf). 
Conversely, we found in a previous study that nanomaterials such as 
branched polyethyleneimine coated silver nanoparticles were able to 
modify fertilization envelope reducing and sometimes preventing Xen- 
opus embryo hatching (Colombo et al., 2017). In the post hatching 
period, starting from stage 39-40 (56-66 hpf) when the stomodeum 
opens, Xenopus embryos acquire a characteristic swallowing and grazing 
behaviour facilitating intake of particles present in the surrounding 
environment (Bonfanti et al., 2019; Colombo et al., 2017). This behav- 
iour caused a not selective assumption of wMPs via ingestion as occurs in 
aquatic filter feeding organisms such as copepods, cladocerans and 
ascidian juveniles (Cole et al., 2013; Messinetti et al., 2018; Rist et al., 
2017). 

The wMPs fluorescence optical properties facilitated the visualiza- 
tion of fluorescent spots in the intestinal lumen of whole embryos, 
discriminating them from any other debris physiologically present even 
in unexposed embryos. Histological and SEM analysis confirmed the 
presence of heterogeneous sized and shaped particles in the gut lumen 
and their interaction with the intestinal epithelium. wMPs, without any 
difference between F1 and F2 fractions, were visible close to or lying on 
the thin microvilli of enterocytes and sometimes entangled between 
them as evidenced by SEM images. This suggests a mechanical friction of 
wMPs on the apical surface of epithelium during intestinal transit 
depending on their irregular shapes, thus triggering an inflammatory 
response. It is well established that perturbed conditions such as in- 
fections or mechanical injury can induce mucin hypersecretion by goblet 
cells as a first defence strategy in mammals and fish (Cornick et al., 
2015; Peda et al., 2016). A gut responsiveness in terms of a 
hyper-secretion of mucus that trapped and enveloped wMPs in Xenopus 
embryos gut was observed. The property of mucus to entrap particles 
could avoid their contact with enterocytes’ microvilli and protect the 
underlying tissues. Such a role had been highlighted in a previous study 
on ex-vivo pig ileum mucus blanket by implemented atomic force mi- 
croscope, which proved to be able of binding and trapping particles up 
to 15 um in size (Sotres et al., 2017). The mucus trapping ability has 
been also observed towards plastic microfibers in other mucus secreting 
epithelia such as the skin of Sardinia pilchardus juvenils (Savoca et al., 
2020). This finding shows how the mucus hypersecretion is an effective 
defence strategy already in developing Xenopus embryos, and confirms 
this model as a promising alternative to the use of adults in ingestion 
toxicology of environmental particles (Bonfanti et al., 2019). 

To the best our knowledge, this is the first study that has investigated 
the interactions of environmentally relevant MPs from waste with Xen- 
opus embryos’ intestinal epithelium at histological level. In a previous 
study, De Felice and collaborators (2018) evidenced the ingestion of 
commercial 3 pm PS beads by Xenopus embryos which, although clog- 
ging the lumen, did not cause any mechanical damage to the intestinal 
wall. Our results also confirm that wMPs induced slight damages to the 
intestinal epithelium, contrary to what we observed in Xenopus embryos 
exposed to more reactive metal-based nanoparticles (Bacchetta et al., 
2012; Bonfanti et al., 2015; Colombo et al., 2017). 

However, the mucus hypersecretion observed in this study highlights 
that the irregular shapes of the wMP fragments with sharp edges and 
rough surfaces and fibre-like structure can represent a physical risk for 
organism compared to those with spherical smooth shape, confirming 
the results of previous studies in adult fish (Jabeen et al., 2018). SEM 
images, where some wMPs appear even inserted into the epithelium, 
also support this idea. 

Furthermore, no evidence that the two wMP fractions could invade 
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Xenopus embryos by routes other than the gastrointestinal tract were 
obtained. The same results were obtained also in zebrafish embryos 
exposed to PS MPs between 72 and 120 hpf, where the oral route was 
identified as the main one while skin exposure only marginally 
contributed to uptake and subsequent biodistribution (van Pomeren 
et al., 2017). In contrast, PS 70 nm nanoplastics, unlike PS 50 um, were 
able to penetrate muscle tissue through the epidermis of the goldfish 
Carassius auratus larvae, causing damage to muscle and nerve fibers 
(Yang et al., 2020). 

For Xenopus embryos, the ingestion of environmentally relevant 
waste MPs does not interfere with growth as long as vitelline platelets 
are present in the enterocytes, but after 120 hpf the persistence of MPs 
knots in the gastrointestinal tract could cause obstruction leading to 
feeding impairment and death as described in A. obstetricans tadpoles 
feeding (from day 5) on periphyton contaminated with MPs (Boyero 
et al., 2020). 

In addition, mucus hypersecretion could alter the physiological 
diffusion of ions and nutrients as well as the equilibrium of commensal 
bacteria, which in turn may contribute to chronic inflammatory dis- 
eases. For zebrafish embryos, the wMPs mainly impact by delaying 
hatching which may affect predatory escape behaviour and the later 
larval developmental stages, thus finally mining the fitness of the 
species. 


5. Conclusion 


In conclusion, wMPs obtained from miscellaneous plastic wastes and 
representative of environmental MP were characterized, confirming the 
highly heterogeneous size, morphology and composition, with PE and 
PP as main polymers. Submicrometric particles, as well the presence of 
metals and other organic co-contaminants are additional peculiarities of 
these MP samples. However, our results suggest that the effects of these 
complex materials are likely related to the shapes, texture surface and 
size of plastic particles rather than their chemical composition. Although 
wMPs did not severely interfere with early developmental processes and 
morphogenesis in zebrafish and Xenopus, they were able to establish 
specific biointeractions, depending on the peculiar structures and timing 
of the developmental patterning of the two species. 

First, we demonstrated that wMPs are able to adhere to zebrafish 
chorion and delay hatching in a size and concentration dependent 
manner, without penetrating it, and confirming its role as an efficient 
physical barrier to micrometric plastic particles. Neither the epidermis 
nor the ingestion represented significant exposure route for zebrafish 
embryos to wMPs. 

Instead, Xenopus embryos become more susceptible to wMPs expo- 
sure by ingestion during development. Due to swallowing behaviour, 
gastrointestinal tract was found to be the target organ of wMPs in this 
embryo model. The particle accumulation in the digestive diverticula 
likely produced a mechanical stress at the intestinal epithelium, result- 
ing in blind morphological lesions and in an overproduction of mucus, 
which attests an irritation response of this tissue. These effects, occur- 
ring during development, may endanger the intestinal microenviron- 
ment, influence the organism’s ability to feed and finally the possibility 
to correctly develop through larval and metamorphosis processes. 
Nevertheless, further experiments would be needed to evaluate changes 
in gene expression or metabolism to fully understand the toxicity of 
these wMPs. 

In conclusion, the results of the present study strengthen the need of 
improving the knowledge on the biointeractions and mechanistic toxic 
effects of smaller MPs, including nanoplastics, from environmentally 
relevant waste plastic mixtures. 
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